An electric device is described which computes the instantaneous aortic blood velocity from the pressure difference between two points along the aorta. The pressure difference was obtained from a specially designed double lumen catheter attached to a differential pressure gage. The aortic blood velocity curves obtained from 20 dogs compare closely with most of those appearing in the literature.
R ECENTLY a method has been described whereby the instantaneous aortic blood velocity may be computed from the instantaneous pressure difference between two points located along the axis of flow. 1 The equation describing this relationship is: p = p&x -+ aw at (1) where p is the instantaneous pressure difference, p is the blood density, Ax is the separation of ft 01
the pressure pickup points, -is the blood Civ acceleration, a is the coefficient of friction, and u is the blood velocity. The boundary condition for u is that it must return to and remain at zero at the end of diastole. The value of a which will satisfy this condition is the proper value. It can be demonstrated that a must lie somewhere between 0 and 2A. -C. The proper value may be obtained by a tedious graphic method. However, analog computer technics are available which permit the adjustment of a to satisfy the boundary condition for u and which will then solve equation (1) for u continuously. An equation analogous to equation (1) is at R (2) which is the relationship between the line current, /, and the voltage drop across a parallel connection of a resistance, R, and a In practice one obtains a voltage, E h instead of a current, /, which is proportional to p. One may obtain the desired current by the use of the circuit of figure ] . Here, if R\ is large compared with the impedance of R? and C in parallel at all frequencies of interest, the current, /, will be nearly proportional to E\ at all times. If E\ is proportional to p, and if the product of R 2 and C is made equal to the ratio of pAx to a, then E is very nearly proportional to v.
It can be shown that the amplitude of u will be correct to within A' per unit if the following equation is satisfied:
where r = R\C sec, co = 1-K times frequency in cycles per second and A = Rz/Ri. The accuracy of the computation and the circuit attenuation both increase with increase in T. Thus it is desirable to use the smallest value of T which will satisfy the accuracy requirement. A circuit diagram for a computer that will work with a Sanborn Model 67-1200 Poly-Viso recorder appeal's in figure 2 . This circuit will compute the velocity with a maximum amplitude error of about 3 per cent at 1 c.p.s. according to equation (3) . The error becomes less with increasing frequency.
The input is taken from the outside pen terminals of the Sanborn strain amplifier Model 07-500. A D.C. voltage of about 150 volts is present between each end of the pen and ground when the pen is centered. Since the output of the computer must feed a Sanborn D.C. amplifier Model 67-300 which has a ground common with the strain amplifier, it is necessary to balance out the D.C. potential in the output of the strain amplifier. This is done by returning the chains of resistors in the input of the computer to a regulated -150 volts. Points will then be found on potentiometers P 1 and P 2 which are at 0 D.C. potential when the strain amplifier pen is centered. A meter and switching arrangement as shown allows the 0 potential points to be found easily.
To operate the computer the following steps are required:
1. Switch S 2 is thrown to position a, switch S 1 is pressed, and potentiometer P 1 is adjusted for a zero reading on meter M. Then S 2 is thrown to position b, switch S 1 is pressed, and potentiometer P 2 is adjusted for a 0 reading on meter M.
2. To calibrate the velocity record, open switch S 4 and press the calibrated push button on the strain amplifier to produce a current in the computer corresponding to a known constant p\. The pen deflection of the computer channel during the period of time, T, corresponds to a «i which is known from the following considerations. If a is 0 (switch S 4 open), and p is constant, then equation (1) integrates to: Mi = piT/phx where T is the time during which Pi is applied. The values of p and Aa; are known.
3. The proportionality between I and p is accomplished by adjustment of the pen 0 on the strain amplifier with the differential manometer in operation as follows: Switch S S is pressed, shorting the FIG. 3. Top curve, frequency response of the differential pressure gage when both the 80 cm. long PE 200 catheters and respective gage chambers were saline filled. One catheter opening introduced into a sinusoidal pressure generator while remaining opening was exposed to atmosphere.
Lower curve, dynamic imbalance of system; that is percent response indicated when both catheter openings are introduced into pressure generator. capacitor, then released during the latter part of diastole when the velocity is assumed to be 0. In general the computer output will rise or fall during this brief portion of the cardiac cycle. The zero knob on the strain amplifier is adjusted so that the output voltage of the computer remains at 0 during the latter part of the first diastole immediate^ after switch S S is released to satisfy the above assumption.
The velocity tracing as a whole will climb in a positive direction after release of switch S S. Only the portion of diastole immediatelj' following release of S 3 will have a 0 and horizontal velocity tracing. Successive diastolic velocities will be positive and sloping downward with time.
4. Close switch S 4, and adjust R7, the analog of a, until the velocity tracing returns to and remains at 0 during the latter part of each diastole.
The differential pressure, p, in this study was obtained with a double lumen catheter attached to a Sanborn differential pressure gage (experimental model 467B, serial number 11). The catheter was made from two identical 80 cm. lengths of PE 200 polyethylene tubing. Small 1 mm. diameter holes were carefully placed so that one catheter lumen would open laterally into the flow Ax cm. along the axis of the aorta from the other lumen. The catheter was streamlined so that its effect in the flow pattern would be minimal.
The indicated versus applied pressure of the trans- Samples of data obtained from two different dogs. Column A, simultaneous recording of (1) aortic axial pressure drop between two points 6 cm. apart, at level of the subclavian artery, (2) computed blood velocity at this level, and (3) aortic gage pressure at subclavmn artery junction. Column B, simultaneous recording of (1) aortic axial pressure drop betweon two points 3 cm. apart just above aortic valves, (2) computed blood velocity at this level, and (3) aortic gage pressure at the level of the subclavian artery.
duccr was found to be within ±1 per cent of linear over the physiologic range. Hysteresis approximated 2 per cent of full scale. The coefficient of static imbalance of the system, i.e., the ratio of the indicated to the steady pressure applied simultaneously to both chamber, was found to be -0.0147. The dynamic imbalance of the system, i.e., the ratio of the amplitude of the indicated to the applied pressure when sinusoidal pressures of equal amplitude and phase are applied to each catheter opening, is plotted against fitjquency in figure 3 . The frequency response of the liquid filled system also appears in figure 3. Figure 4 shows records from 2 of 20 dogs studied. Row I represents the differential pressures recorded through double lumen catheters. Curve Al was taken just below the subclavian artery in the descending thoracic aorta with a catheter whose pressure pick up holes were 6 cm. apart. Curve AS is the blood velocity computed from Al. Curve Bl was taken just above the aortic valves in the ascending aorta with a catheter whose pressure pickup holes were 3 cm. apart. Curve B2 is the blood velocity computed from Bl. Both curves AS and BS represent the aortic gage pressure at the junction of the subclavian artery from the 2 different dogs.
RESULTS
The velocity curves, A2 and B2, compare favorably with those from the upper aorta published by Frank, 2 Broemser, 3 Green, 4 and Spencer and Denison. 6 There is very little back flow in the aorta just above the aortic valves ( fig. 4, BS) . However, just below the subclavian artery the blood exhibits significant to and fro motion during diastole ( fig. 4, A£) , confirming previous observations in the literature.' Maximum velocities of 100 cm./sec. or more were commonly observed.
DISCUSSION
The accuracy of the method depends upon the proper operation of the computer and pressure measuring systems. The operation of the computer is complicated in practice by two problems. The first is caused by difficulty in establishing and maintaining the 0 balance between the strain amplifier and computer. This balance is necessary for the proportionality between p and I in the third step. This problem occurs because of static imbalance, thermal variations, line voltage fluctuations, change in catheter orientation and the lack of resolution of the 0 potentiometer on the strain amplifier. The proper value of a cannot be found if drift occurs prior to the correct adjustment of the variable resistor representing a. Thus it is desirable: (1) that a rapidly compensating type of voltage regulator be used on the power supply of the amplifiers, (2) that a 10-turn precision helical potentiometer replace the zeroing potentiometer normally supplied with the strain amplifier, and (3) that the completion of the fourth step follow the third as soon as possible. If significant time does elapse between the two steps, it is advisable to return to the third. If the correct a value can be set before significant drift occurs, subsequent drift will cause essentially no harm. This may be proved by shifting the strain amplifier 0 position and comparing the resulting velocity curve with that prior to pressure baseline shift. No changes in the velocity wave form are apparent, although of course a large shift in the velocity baseline occurs. Thus if one continues to interpret the written record with late diastole as 0, no error will be introduced by drift in the strain amplifier after the correct value of R7 has been established.
The second problem occurs with heart rates in excess of 100 beats/min especially when the velocity is being measured in the descending aorta. Under these circumstances the velocity does not remain at 0 for a sufficient period of time to allow the operator to determine whether the computer output is remaining at 0 during the latter part of diastole in the third step. Momentary slowing of the dog's heart rate by vagal stimulation has been used in this situation.
Proper operation of the pressure measuring system demands repeated flushings to remove bubbles and care to match the dimensions of the two catheters. Heparin should be used in the flushing fluid since a very small amount of fibrin in or near the catheter openings has been found to degrade severely the dynamic accuracy of the system. The frequency response curve is essentially Hat ( ± 5 per cent) to about 15 c.p.s. The usable portion of this frequency range is not limited by the dynamic imbalance which does not become intolerable ( ± 5 per cent) until about 18 c.p.s. In the differential pressure curves analyzed significant harmonic content (amplitude ± 5 per cent of fundamental) occurred from 1 to IS c.p.s. Thus even with great care the pressure sensing system will introduce a small but measurable error. SUMMARY A simple electric circuit consisting essentially of a capacitor and a variable resistor in parallel has been described which will compute the instantaneous aortic blood velocity from the instantaneous pressure difference between two points along the aorta. The method of calibration and operation is described. The recording characteristics of a differential pressure gage and a special double lumen catheter which were used to obtain the differential pressure are presented. Representative aortic blood velocity curves from 20 dogs obtained with this device just above the aortic valves and just below the subclavian artery are given. The shape of these velocity curves is quite similar to those already given in the literature. Peak velocities of 100 cm./sec. or more are common in the clog aorta. ACKNOWLEDGMENT The authors express their deep gratitude to Alfred G. T. Capscr for his valuable technical assistance.
SUMMAR1O IN INTERLINGUA
Es describite un simple circuito electric, consistente essentialmente de un condensator e un resistentia variabile in parallela, que es capace a computar le instantanee velocitate de sanguine aortic ab le differentia de pression instantanee inter duo punctos al longo del aorta. Le methodo de calibration e le functionamento es describite. Le characteristicas de un manometro differential e de un catheter special a duple passage, le quales esseva usate in le registration del pression differential, es presentate. Es includite representative curvas del velocitate de sanguine aortic le quales esseva obtenite ab 20 canes per medio de iste apparatura justo supra le valvulas aortic e justo infra le arteria subclavian. Le conformation de iste curvas es similissime al curvas jam publicate in le litteratura. A r elocitates maximal de 100 cm/sec o plus es commun in le aorta del can.
